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(54) Mass synthesis method of high purity carbon nanotubes vertically aligned over large-size 
substrate using thermal chemical vapor deposition 

(57) A method of synthesizing high purity carbon 
nanotubes vertically aligned over a large size substrate 
by thernnal chemical vapor deposition (CVD). In the syn- 
thesis nnethod, isolated nano-sized catalytic metal parti- 
cles are formed over a substrate by etching, and purified 
carbon nanotubes are grown vertically aligned, from the 
catalytic metal particles by thermal CVD using a carbon 
source gas. 
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Description 

BACKGROUND OF ~HE INVENTION 
' le'd 0^ '^^ vent: 

[0001] The present nvention re ales to a syntnesis 
method ot carbon nanotubes. and more particularly, :o a 
mass synthesis method of synthesi.'ing high purity car- 
Don nar^otuoes vertically aligned over a large area sub- 
strate 

2 Description of the Related Art 

[0002] Caroon nanotubes, which have conductivity 
in an arrni chair structure and scmi conauctivity ir a zig 
zag structure, arc applied as an electron emissior 
source for field emission oevices. white light sources 
lithium seconaary batteries, hydrogen storage cells 
transistors or cathode ray tubes (CRTs) For such inous- 
triat applications cf carbon nanotubes. it is profitable tc 
synthesize high pjnty carbon nanotubes over a large- 
area substrate in a vertically aligned form. Also, it is 
another concern that the diameter- and length of carbon 
nanotubes, and tne density and unifcnnity of carbon 
nanotubes over a substrate used can be easily control- 
led fo^ the carbon nanotube synthesis. 
[0003] Existing carbon nanotube synthesis tech- 
nicues include an arc discharge method, laser vaporiza- 
tion method, gas phase synthesis, thermal chemica 
vapor deposition iCVD) method, plasma CVD methoo 
and the like 

[0004] The arc d scharge method (C.Journet et al.. 
Nature, 388, 756 (1997) and D.S. Betnune et al.. 
Nature, 363, 605 (1993)) and the laser vapohzation 
method :H.E.Smally et al.. Saence, 273. 483 (1996)) 
are not able to control the diameter or length of carbon 
nanotubes and the yield by these methods is tow. More- 
over, excess amorpfious carbon lumps are also pro- 
duced along with carbon nanotubes, and thus they neea 
comp'icated purificat on processes. Thus, it has a diffi- 
culty in growing caroon nanotubes over a large-size 
suDst^ate on a large production scale by these methods. 
[0005] Meanwhile, the gas phase synthesis mothoa 
(R.Andrews et al., Chem. Phys. Lett., 303, 468, 1999). 
which is appropriate for mass synthesis of carbon nan- 
otubes, produces carbon nanot ' in a gas phase by 
pyrolysis of carbon source gas in a *urnace without 
using a substrate. However, this method also has diffi- 
culty in controlling the diameter or length of carbon nan- 
otubes. and causes adhering of metal catalyst lumps tc 
the inner or outer sidewalls of carbon nanotubes. Thus, 
the method cannot meet the neea for high pur'ty carbon 
nanotubes and cannot achieve ve'lical alignment of car- 
bon nanotubes over a substrate. 

[0006] The thermal CVD method known in this art 
up to now involves growing carton nanotubes aver a 
porous stiica (W.Z.Li et ah. Science. 274. 1 701 (1996); 



o'- zeo'!tcr iS^^ -^c a^a e: a . Jaoanese J A^^p: Fn\s . 
3^. ' 35 7 O 998 ; ; s^cstratc Moweve'. f> l.ng pores o* tr-^e 
substrate with a meiai catalyst is a cof^ipncatea anj 
time consuming prccess Moreover, tne contrclling o* 
tne Qianieter- ot cart:on nanotubes is not easy, ana tne 
yield IS low. Thus, the thermal CVO nietnod has a limiia 
tion in crowing n assivcr carbof' na^ otubes ovt^r a rt^h- 
tively large substrate 

[0007] The plasma CVD method iZ F.Ren et al . 
Science. 282. 1105 (1998)) is a suitable technique tor 
vertically aligning carbon nanotubes. with excellent per- 
forniance. However, tfiere are prublen s in tt at plasnid 
energy damages carbon nanctubes and the structu-e of 
the carbon nanotubes is unstable oue to the synthesis 
process at low temperatures. In addition, many carbon 
particles adhere to tne surface o' CE^rbon nanotubes. 

SJMfVIARY O- KE INVENTION 

[0008] To solve the above prob ems. t is an objec- 
tive of the presen* invention to provide a mass synthesis 
method of h gh purity carbon nanotubes vertically 
aligned over a large-size substrate. 
[0009] The objective of the present invention is 
achieved by a method of synthesizing carbon nano- 
tubes, comprising form ng a metal catalyst layer over a 
substrate. The metal catalyst ayer is etched to form iso- 
lated nano-sized catalytic metal particles, and carbon 
nanotubes vertically aligned over the substrate are 
grown from every isolated nano-sized catalytic metal 
particle by thermal chemical vapor depos tion (CVD) in 
Which a carbon source gas is supplied to a thermal CVD 
apparatus to form carbon nanotubes. 
[0010] Preferabl/, forming the isolated nano-sized 
catalytic metal particles is performed by a gas etching 
method in which one etching gas selected from the 
group consisting of ammonia gas. hydrogen gas and 
hydride gas is thermally decomposed for use in etching. 
Forming the isolated nano-sized catalytic metal parti- 
cles may be performed by plasma etching, or wet etch- 
ing using a hydrogen fluoride series etchant. 
[0011] Preferably, the etcning gas :s ammonia, and 
the gas etching method is performed at a temperature 
of 700 to 1 OOC^C while supplying the ammonia gas at a 
flow rate of 80 to 90 seem for 1 0 to 30 minutes. 
[0012] Preferably, forming the carbon nanotubes is 
performed at a temperature of 700 to 1 OOO^C while sup- 
plying the carbon source gas at a flow rate of 2C to 200 
seem for 10 to 60 minutes, 

[0013] Preferably, forming the catalytic metal parti- 
cles and forming the carbon nanotubes are in-situ per- 
formed 'n the same the''mal CVD apparatus. 
[0014] Preferably, in forming the carbon nanotubes. 
one gas selected from the group consisting o' ammonia 
gas. hydrogen gas and hydride gas is supplied to the 
thermal CVD apparatus along with the carbon source 
gas. 

[0015] Preferably, after forming the carbor nano- 
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tuoes. the synthesis iiethod further comprises exhaust- 
ing the carbor source gas using an inert gas from the 
thermal CVD apparatus. 

[0016] Preferably after term ng the carbon nano- 
tuDes, the synthesis method further comprises in-situ 
purifying the carbon nanotubes in the same thermal 
CVD apparatus. F^re'erabiy, in-situ purifying tne carbon 
nanotubes is performed with a purification gas selected 
from the group consisting of ammonia gas, hydrogen 
gas, oxygen gas ana a mixture of these gases. 
[0017] Preferably, after in-situ purifying the carbon 
nanotubes. the synthesis metfiod further comprises 
exhausting the purification gas using an inert gas from 
the thermal CVD apparatus. 

RRIFF DFSCRI PTION Q F THE DR AWINGS 

[0018] The above obsective and advantages of the 
present invention will become more apparent by 
describing in detail preferred embodiments thereof with 
reference to the attached arawings in which: 

FIG. 1 is a flow chart illustrating a method of syn- 
thesizing carbon nanotubes according to the 
present invention; and 

FIGS. 2A and 2B are sectional views of a substrate 
having a metal catalyst layer; 
FIG. 3 is a schematic view of a thermal chemical 
vapor deposition (CVD) apparatus used in the pre- 
ferred embodiments of the present invention; 
FIG. 4 is a sectional view illustrating the formation 
of independently isolated catalytic metal particles, 
and FIG. 5 is a sectional view illustrating the growth 
of carbon nanotubes from the isolated catalytic 
metal particles; 

FIGS. 6A through 6C are schematic views illustrat- 
ing a mechanism of growing carbon nanotubes 
from the isolated catalytic metal particles; 
FIG 7 is a timing chart illustrating a gas pulsing 
technique applied in an in-situ purification process 
using a purification gas; and 

FIGS. 8A through 8C are sectional views illustrating 
formation of nano-sized catalytic metal particles by 
photolithograohy. 

DETAiLEDDESCRIPTION OF THE I NVENT ION 

[0019] The present invention will now be described 
more fully with reference to the accompanying draw- 
ings, in which preferred embodiments of the invention 
are shown. This invention may, however, oe embodied 
in many different forms and should not be construed as 
being limited to the embodiments set forth herein. 
Rather, these embodiments are providea so that this 
disclosure will be thorough and complete, and v/ill fully 
convey the concept of 'he inven:ior to those skilled in 
the art. The appendea figure of a thermal chemicEl 
vapor deposition ;CVD) apparatus is rougnly illustrated 



for explanation. In the drawings, the thickness and pro 
portions of a substrate, catalyst metal layer and catalytic 
mietal particles are exaggerated f^r clanty It is also 
no*ed that like reference numerals may be usee to des- 
r, ignate identical or corresponding parts throughout the 
drawings. 

bn^boa ment l 

10 [0020] A method o- synthesizing carbon nanotjbes 
according to tne present invention will be described with 
reference to FIG. 1 , whict^ is a flowchart illustrating the 
sy/nthesis method, FIGS. 2A and 2B. which are sec- 
tional views of a substrate on which carbon nanotubes 
15 are to be formed, and FIG. 3, which is a schematic view 
of a thermal chemical vapor deposition (CVD) appara 
tuG used in the synthesis. In the flowchart, the essential 
steps for the synthesis are illustrated in solid-line boxes, 
while optional steps for the same are illustrated in 
20 dashed-line boxes 

[0021] Refernng to FIG. ^, a metal catalyst layer 
(130 of FIG. 2A) is formed over a substrate (1 1 0 of FIG. 
2A) on which carbon nanotubes are to be formed (step 
20). As the substrate 11 0, a glass, quartz, silicon or alu- 
m's mina (AI2O3) substrate can used, The metal catalyst 
layer 130 is formed of cobalt (Co), nickel (Ni), iron (Fe) 
or an alloy of the same (Co-Ni, Co-Fe or Ni-Fe). The 
metal catalyst layer 130 is formed over the substrate 
1 1 0 to a thickness of a few nanometers to a few hundred 
30 nanometers, preferably, to a thickness of 2 to 200 nm, 
by thermal deposition, electron-beam deposition or 
sputtering. 

[0022] In the case where the substrate 1 10 made of 
silicon is used and the metal catalyst layer 1 30 is formed 

35 of Co, Ni or an alloy of the same, an insulating layer (120 
of FIG. 2B) IS formed over the substrate 100 before the 
formation of the metal catalyst layer 1 30, which prevents 
generation of a silicide film by a reaction between the 
metal catalyst layer 1 30 and tlie substrate 110 (step 10). 

40 A silicon oxide or alumina layer can be formed as the 
insulating layer 120. 

[0023] Following this, the metal catalyst layer 1 30 is 
etched to form independently isolated nano-sized cata- 
lytic metal particles (step 30). 

45 [0024] In particular, referring to FIG. 3, substrates 
having the metal catalyst layer 130, or the insulating 
layer 1 20 and the metal catalyst layer 1 30, are put into a 
boat 210 of a thermal CVD apparatus, spaced a prede- 
termined distance apart, and the boat 310 is loaded in*o 

50 a reaction furnace of the thermal CVD apparatus. Here, 
the boat 31 0 is loaded such that the surface of the netai 
catatys: layer 130 formed over suDstrate faces down- 
ward m the opposite direction to the flow of gas, inai- 
cated by aTow 315, as show in FIG. 3. The reason why 

55 the substrates 1 10 are arranged such that the surface of 
the metal catalyst layer 130 does not face the ficw of 
gas s so that a uniform reaction over the substrates 1 1 0 
coated oy the meta! catalyst layers 1 3C can be achieved 
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::y eveniy con:^o -^g 'ne n-^ass ^ow cy etcr^ gas A\so 

s.>cri inai trit surface c* tr^ie rveia: ca:aiys: layer 13C 
^aces dOvvnwards is to preven: aetecis due tc unstaoie 
f-eaction Qrcauci. or carDon pariiCies failing aown Uon^ 

wall of the reaziicn f jrnace 300 
[0025] After loading the bDat 310 into tne reac:ior 
tj^nace, the pr-ess.ufe ot the reaction furnace 330 is 
maintained at atn^iosohenc pressure im the case ot 
usng an atnnospheric pressure CVD apparatus) or or 
The orde^ of a fev; hundreo mTor" to a few Torr (in the 
case of using a I ow-presis jre CVD apparatus), Tf en 
the teriiperature o' the reaction fur nace 300 is ra sed tc 
700 to 1 000 C by a resistance coil 330 nnounted arouno 
the ojte" wall of the reaction furnace 300. When the 
tonnpcraturc of the reaction furnace 300 reaches a pre 
dctcrn-Vincd processing temperature, a first valve 400 is 
opened :o allow an etching gas from an etching gas 
suoply source 410 to flow into the reaction furnace 330 
through a gas nie: 320 The etching gas may be ammo- 
ni?^ gas, hydrogen gas hydride gas. but ammonia gas 
IS preferred. If ammonia gas is useo as ^he etching gas 
the ammonia gas is supplied at a flow rate of 80 to 400 
seem for 10 to 30 minutes. The upper limit of the 
processing temperature. 700"C, refers to the minim:urr 
temperature at which the etching gas can be decom- 
posed fo'' etching. 

[0026] As shown in FIG. 4, the etching gas 200 
introduced into the reaction furnace 300 etches along 
grain bounaaries the meta' catal/st layer 130, to form 
independently solated nano-s zed catalytic metal parti- 
cles 130P over the substrate 110 m high density with 
uniformity. The term "nano size "used in the specifica- 
tion refers to the size of a few nanometers to a few hun- 
dred nanometers. The size and shape of isolated nano- 
sized catalytic metal particles van/ according to etching 
conditions. Also, the shape of catalytic metal particles 
affects the shape of carbon nanotuoes produced in a 
suosequent process. 

[0027] Then, a carbon source gas is supplied rito 
the thermal CVD apparatus to grow carbon nanotubes 
over the substrate 1 1 0 (step 40). 

[0028] The growing of carDon nanotubes (step 40) 
is performed in situ with tne formation of nano sizeo 
catalytic metal particles (step 30) In particular, the first 
vave 400 of FIG. 3 is closed to cut off tne supply of 
ammonia gas. and a second valve 420 is opened to 
supply a carbon source gas from the gas supply source 
430 into the reaction furnace 30C through the gas inlet 
320. The temperature of the reaction furnace 300 is 
kept at the same temperature as when the nano-sized 
isolated catalytic metal particles 130P are formed, .e.. 
in the range of 700 to 1 OOO'C. The carbon source gas is 
supplied at a f.ow rate of 20 to 200 seem for 1 0 to 60 
minutes. Also, hydrocarbon gas having 1 to 3 carbon 
atoms is used as tne caroon source gas. Acetylene, eth- 
ylene ethane, propylene, propene or methane gas is 
preferrea as the carbon source gas The lower imit of 



c 

me tiTocessing temperature. 700 C. ^e^e^s :c f^e n^n 
"^..m temperature vv^i.cr rrnaoics py'ov^^s tne 
ca^'Don source gas. 

[0029] To control the g-owth -ate and time of carbon 
anoTut es. a carrier gas (inert gas sucn as nvaroge^ c r 
argon; ana or a diluent gas (hyonae cas. can be su^ 
plied along with the cartoon source gas into the reaction 
furnace 300 fron", a earner ano-or diluent gas supply 
source 4bU cy opening a tmro valve 44U. 
[0030] The density and growth pattern of carbon 
rianotutes synthesized over :he suosfate can also be 
Lontrolled by supplying ar etcfing gas (arTinionia gas. 
hiydfogen gas or hydrioe gasi in a or edeternVined ^atio 
along with the carbon source gas Preferably, the car- 
ir t-on source gas ana the etching gas are supplied in a 
ratio of 2:1 to 3: 1 by volume, 

[0031] As shown in FIG. 5. the carbon source gas 
supplied into the reaction furnace 300 is pyro ized to 
grow carbon nanotubes protruding from the nano-sized 

yi^ catalytic meta particles 130P 

[0032] FIGS 6A through 6C are schematic views of 
a base growth model The growth mechanism will be 
described with reference to FIGS 6A through 6C Firs:, 
as shown in F^G. 6A. a caroon source gas (for example, 

.^-^ acetylene gas (C^^h^)) supplied into the reaction fur- 
nace 300 of the thermal CVD apparatus is pyrolized in a 
gas phase into carbon units (C=C or C) and free hydro- 
gen :Hp), The carbon units adsorb onto the surface of 
the catalytic metal particles 130P ana diffuse into the 

30 catalytic metal particles 130P, When the catalytic metal 
particles 130P are supersaturated with the dissolved 
carbon units, growth of carbon nanotubes 150 is init- 
ated. As the intrusion of the carbon units into the cata- 
lytic metal particles 130P is continued, the carbon 

35 nanotubes 150 grow, liKe a bamboo, as shown in FIG. 
bC, by the catalytic function of the catalytic metal part - 
ctes 130P If the catalytic metal particles 130P have 
round or blunt tips, the carbon nanotubes 1 50 are grown 
with round or blunt tips. Although not illustrated in the 

40 drawings, if nano-sized fT-etal catalytic particles 130P 
have sharp tips, carbon nanotubes are grown to have 
sharp tips, 

[0033] Although the first embodiment is described 
with --GferGnce to a horizontal type thermal (CVD) appa 

45 ratus, it is appreciated that a vertical type, in-line type or 
conveyer type CVD apparatus can be employed. 
[0034] The synti method of the first embodi- 
ment can produce carbon nanotubes having a diameter 
of a ^ew nanometers to a few hundred nanometers, for 

50 example, 1 to 4O0 nm, and a length of a ^ew mcrome- 
ters to a few hundred micrometers, for example. 0.5 to 
300 ^im, 

[0035] After the synthesis of carton nanotubes is 
completed, optionally the carbon nanotubes 10 can be 
55 subjected to in-si:u purification (step 60). Caroon lumps 
or carbcn particles, which are present on :he surface of 
the grown carbon nanotubes 150, are removed in-situ 
w th the growing step 40) of the carbon nanotubes. 
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[0036] n particular, the second valve 420 of FIG. 3 
IS closed to cut off the supoly of ^he ca-bon source gas 
ard £ fourth valve 460 is opened to supoly a purrication 
gas from a puriticat or^ gas supoly source '^/O to the 
reaction furnace 30U th^-ough the gas inlet 'S^U. Amnno- 
nia gas. hydrogen gas, oxygen gas. or a mixture of 
Ifiese gases :S used as trie pjrificaiiur gas. When 
ammonia gas ur hydrogen gas is setecied as tfie purifi- 
cation gas, the purification gas can be supplied from the 
etching gas supply source 41 0 or the carrier gas and/or 
diluent gas supply source 450, without a need for the 
purification gas supply source 470. 

[0037] During tiiti pui ification process, the tempera- 
ture of the reaction furnace 300 is maintained at a tem- 
perature of 500 to lOOO^C and the purification gas is 
supplied into the reaction furnace 300 at a flow rate of 
40 to 200 seem for 1 0 to 30 minutes. 
[0038] Hydroger ions generated by thermal 

decomposition of ammonia gas or hydrogen gas, 
remove unnecessary' carbon lumps or carbon particles. 
Far oxygen gas as a purification gas, oxygen ions (O^ ), 
which are derived by thermal decomposition of the oxy- 
gen gas. combust carbon lumps or carbon particles. As 
a result of the purification, the carbon lumps, carbon 
particles and tne like are entirely removed from the sur- 
face of tfie carbon nanotubes 1 50, which results in puri- 
fied carbon nanotubes. 

[0039] It is preferable that before the purification 
(step 60), an inert gas is supplied into the reaction fur- 
nace 300, as illustrated in FIG. 7, at a rate of 200 to 500 
seem to exhaust the remaining carbon source gas from 
the reaction furnace 300 through a gas outlet 340 (step 
50 of FIG. 1). Argon gas is oreferred as the inert gas. By 
doing so, the length of carbon nanotubes grown can be 
accurately controlled ard undesired reaction due to the 
carbon source gas which remains after the synthesis of 
the carbon nanotubes, can be prevented. 
[0040] It is also preferable that after the purification 
(step 60), an inert gas is supplied into the reaction fur- 
nace 300 at a rate of 200 to 500 seem to exhaust the 
remaining purification gas from the reaction furnace 30 
through the gas outlet 340 (step 70 of FIG. V). During 
the exhausting of the purification gas, preferably the 
temperature of the reaction furnace 300 is lowered. The 
exhausi ng of the purification gas (steo 70) is for pre- 
venting parJat damage of carbon nanotubes 1 5C by the 
purification gas when the temperature of the reaction 
furnace 300 is lowered. 

[0041] According to the first embodiment of the syn- 
thesis method the nano-sized catalytic metal particles, 
which are suitable fcr growth of carbon nanotubes. are 
isolated from each other with a high density, without 
agglomerating, and thus amorphous carbon clumps are 
not produced in the synthesis of carbon nanotubes 
Thus, the carton nanotubes can be vertcally aligned 
over the substrate with high purity. 
[0042] The isolared nano-sized catalytic me:al oar- 
tides are untfcrmiy formed over the substrate wrth high 



density by etching the metal catalyst layer formed over 
The substrate. Thus, when a arge-size sjbstra:e is 
adopted, carbon nanotubes can be uniformly ard 
dens.ely grown over the large substrate in a vertical 

r direction, regardless of positions on the substrate, 

[0043] Also, since the density and size of catalytic 
metai particles can be controlled by changing the etch^ 
ing conditions, tor example, flow rale of etching gas 
sjcr as ammonia gas, and etching temperature and 

/() time, the controlling of the density ana diameter of car- 
bon nanotubes is easy. 

[0044] The first embooiment according to the 
present inventior has an advantage in that the length of 
carbon nanotubes can be easily controlled by cnanging 

15 the flowing conditions of carbon source gas, for exam- 
ple, flov/ rate, and reaction temperature and time. 
[0045] In addition, use of the thermal CVD appara 
tus enables a batch-type synthesis in which a number of 
substrates can be simultaneously loaded into the appa 

20 ratus tor the synthesis of carbon nanotuoes, and thus 
yield is raised. 

[0046] The formation of catalytic metal particles, 
and the formation of carbon nanotubes using carbon 
source gas are in-situ performed In the same range of 

25 temperature. Also, the purification of carbon nanotubes 
is performed in-situ with the synthesis thereof. Thus, 
considering other synthesis methods in which different 
chambers are needed for each process, the time 
required for chamber-to-chamber substrate transfer, 

30 and the ramp-up time to an appropriate temperature in 
each chamber can be reduced. Also, the purification 
process is simple. As a result, there is an advantage in 
that the yield of purified carbon nanotubes can be 
inceased to a maximum level. 

35 

Embodimen t 2 

[0047] The difference from the first embodiment is 
that in the second embodiment the formation of nano- 

40 sized catalytic metal particles (step 30) Is performed by 
plasma etching, rather than by etching with thermally 
decomposed gas. Plasma etching is advantageous ^n 
that the etching can be performed at low temperatures 
and the controlling of reaction Is easy. 

45 [0048] Plasma etching can be performeo Independ- 
ently in a plasma etching apparatus or can be per- 
formed in a plasma etching apparatus combined with a 
thermal CVD apparatus to be used in subsequent for- 
mation of carbon nanotubes The combination type sys^ 

50 tern may be a multi-chamber system in which a plasma 
etching apparatus ana a thermal CVD apparatus are 
assembleo in a single cluster, or a combination of a 
remote plasm.a system and a thermal CVD apparatus. 
The combination type system is preferrea so as to 

55 reduce time consuming for the transfer of substrate ard 
to prevent exposure of the substrate to contaminants ^n 
the air. 

[0049] As for the independent plasma etching 
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co'^Q:: o^^s of a frtq^er^cv ct ' 3.6Mmz. a gas pruSSure ot 
" to 10 Torr, ano power o* dO lo 200 wans, Dy fuppiy- 
'^g ammonia cas. hyorogen gas or hyaride gas to trie 
-eacion chamoer at a ficw rate of ^0 to ouu sccwi. Tren 
:ne metal catalyst layer fornea over a SL^ostrate is 
etched w-th trie plasma at 350 to 600 C for 5 to 30 min- 
utes ifi tf e sarT^e way as in ttic; first erTibodimenl, lo forn 
'sclated naro-sizecJ catalytic metal particles. 
[0050] As for the combination type system including 
remote plasma apparatcs in combination with chemica 
CVO system, a plasma is created by supplying ammo- 
nia gas, hydrogen gas or hydride gas at a flow rate of 3C 
to 300 seem into the remote plasma apparatus by appli- 
cation of a frequency of 13.6 MHz, and tnen the pro- 
du::ed plasma ts supplied into the chem cal CVC 
apoaratus to form isolated nano sized catalytic mcta 
particles. Here, the etching by plasma is performed at 
350 to 600^-C for 5 to 30 minutes. 

[0051] Most preferably, plasma is generated with 
ammonia gas 

[0052] Then, the first embodiment is followeo tc 
form carbon nanotubes. 

Embodiment 3 

[0053] The third embodiment is different from the 
previous first and second embodiments in that isolatea 
nano-sized catalytic metal particles are obtained by wet 
etching, rather than dry etching. In particular, a sub- 
strate having the metal catalyst layer is immersed ntc 
an etchant, for example, a hydrogen fluoride senes 
etchant (HF solution diluted with deionized water, or a 
mixed solution of HF and NH4F) for 1 to 5 minutes, tc 
form isolated nano-sized catalytic metal particles. An 
advantage of this wet etching technique lies in that the 
etching can be performed at lew temperatures. 
[0054] Then, the first embodiment is followeo to 
form carbon nanotubes, 

En"ibc_dirTient 4 

[0055] The fourth embodiment is a combination of 
the first and third embod ments. Firsts wet etching is per- 
formed as in the third embodiment, and then dry etching 
us ng gas is performed as in the first emoodiment. In 
particular, a substrate having the metal catalyst layer is 
etched in an etchant (HF solution diluted with deionizea 
water) for 1 to 5 minutes and dried. Following this, as in 
the first embodiment, the substrate is loaded into the 
thermal CVD apparatus and ammonia gas. as an etch- 
ing gas. is introduced into the apparatus at a flow rate of 
60 to 300 seem for 5 to 20 minutes, to form isolatea 
nano-sized catalytic metal particles oveMhe substrate, 
[0056] Then, the first embodiment is followeo tc 
form carbon nanotubes. 



[0057] The dfte^en-e f^o^'; the first embodinnent is 
ir that the forr^^at on r^,ano-S:Zea catalyt c r^ietal par! - 

' CI5S istep 30) IS performei Dy phciolithography, rattier 
man oy etching with Thermaliv deccmpDseo gas 
[0058] In particular, as shown in FIG. 8A the metal 
catalyst layer 130 is coateo with pnotoresist and sup- 
lected to exposure and develcpment process ng to form 

?l; a nano-sized phctoresist pattern PR, for examp e. hav- 
ing Qimensions cf a few nanometers u a few hundred 
nanometers, 

[0059] Following this, the metal catalyst layer 130 is 
etched using the photoresist pattern FR as an etching 

}5 mask to form naro-sized catalytic metal particles "'30P, 
as shown in F G, 8B. Than, the photoresist patterns PR 
are removed and carbon nanotubes 1 50 a^c growi ^''om 
the catalytic metal particles 1 30P as in the first embod- 
ment, as shown in FIG, 8C. 

,'0 [0060] In the present embodiment, where the cata- 
lytic me*al particles are formed by photolithography, the 
size and dens ty of catalytic metal particles can be eas- 
ily controlled by controTing the size and density of the 
photoresist pattern. Thus, it is possible to arbitrarily con- 

25 trol the diameter and density of carbon nanotubes. 

[0061] The present invention will be described in 
greater detail by means of the following expenmental 
examples. The following experimental examples are for 
illustrative purposes and not intended to limit the scope 

30 of the invention. 

(Experimental Example 1) 

[0062] A silicon oxide film was formed over a silicon 

35 substrate having a size of 2 cm by 3 cm, to a thickness 
of 1 500 A, and an iron (Fe) film was formed over the sil- 
icon oxide film to a thickness of 1 00 nm by thermal dep- 
osition. The substrate with the Fe film was loaded into a 
thermal CVD apparatus. Then, the pressure of the fur- 

40 nace of the CVD apparatus was kept at 760 Torr and the 
temperature o* the furnace was raised to 950"C. Follow- 
ing this, ammonia gas was introduced into the furnace 
at a flow rate of 1 00 seem for 20 minutes to form isolated 
iron particles. While maintaining the temperature at 

45 gsCC, acetylene gas was supplied at a flow rate of 40 
seem for 10 minutes to grow carbon nanotubes from 
each of the iron particles, C "ng electron microscopy 
(SEM) shows that carbon nanotubes are vertically and 
uniformly grown over the substrate. According to trans- 

50 mission electron microscopy (TEM), the obtained car- 
bon nanotubes have a diameter of about 80 nm and a 
length of about 120 nm 

{Experimental Example 2) 

55 

[0063] To synthesize carbon nanotubes, the proc- 
ess of Experimental Example " was fol owed except 
that a nickel (Ni) film was used, instead of the Fe film, as 
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the metal catalyst layer SEM shows that carbon nano- 
tuoes are vertcally ana uniformly grown over the sub- 
strate. According to TEM. the obta.ned carbon 
nar^oiubes nave a diameter ot about bO nnr. and a length 
ot about 8U urn. 

^Experimental Example 3) 

[0064] To synthesize carbon nanotubes, the proc- 
ess of Experimenta Example 1 was followed except 
that a cobalt (Co) film was used, instead of the Fe film, 
as the metal catalyst layer. SEV1 shows that carbon nan- 
otubes are vertically and uniformly yruwn over the sub- 
strate. According to TEM, the obtained carbon 
nanotubes nave a diameter of about 70 nm and a length 
of about 30 |.im. 



(uxpenrr 



ital Ex£ 



apparatus was set to 1.5 Torr and ^_he frequency of the 
apparatus was set :o -3.6 K/Hz After raising the tem- 
perature cf tne plasma etching appara:us to 550 C, 
ammonia gas was supplied into the apparatus at a flow 
^ rate of ZUO seem to create a plasma. The Ni film formed 
o^er the substrate was etched with the plasma for 15 
minutes. After the etching with the plasma, tne .sub- 
strate was unioddtiu ff uni thie plasrr'.a ctcf^mg apparatus 
and loaded into a thermal CVD apparatus. The pressure 

;o of the reaction furnace was maintained a: 760 "^orr and 
the temperature of the furnace was raised to 950'-C. 
Then, acetylene gas was supplied into the reaction fur 
nace at a flow rate of 40 seem for 10 minutes to grow 
carbon nanotubes from isolated Ni particles formed 

,5 over the substrate, SEM shows that carbon nanotubes 
are vertically and uniformly grown over the substrate. 
According to TEM. the obtained cart)on nanotubes have 
a diameter of about 60 nm and a length of about 50 



[0065] To synthesize carbon nanotubes, the proc- po 
ess of Expenmental Example 1 was followed except 
that a Co-Ni alloy film was used, instead of the single Fe 
film, as the metal catalyst layer. SEM shows that carbon 
nanotubes are vertically and uniformly grown over the 
substrate. According to TEM, the obtained carbon nan- 25 
otubes have a diameter of about 90 nm and a length of 
about 100 um. 

{Experimental Example 5) 

30 

[0066] To synthesis ca-'bon nanotubes, the process 
ot Experimental Example 4 was followed except that a 
Co-Fe alloy film was used, instead of the Co-Ni alloy 
film, as the metal catalyst layer. SEM shows that carbon 
nanotubes are vertically and uniformly grown over the 35 
substrate. According to TEM, the obtained carbon nan- 
otubes have a diameter of about 90 nm and a length of 
about 80 |nm. 

(Experimentai Example 6) - 

[0067] To synthesize carbon nanotubes, the proc- 
ess of Experimenta; Example 4 was followed except 
that a Ni-Fc alloy film was used, instead of the Co Ni 
alloy fttm, as ^'le metal cataiyst layer, SEM shows that 45 
carbon nanotubes are vertically and uniformly grown 
over the substrate. According to TEM, the obtained car- 
bon nanotubes have a diameter of about 80 nm and a 
lengtn o' about 80 fim; 



(Experimental Example 7) 

[0068] A s Ticon oxide f lm was formed over a sit con 
substrate having a s^ze of 2 cm by 3 cm. to a thickness 
of 1500 A, and an Ni film was formed over :he silicon 55 
oxide film to a thickness of 100 nm by sputtering. The 
substrate with the Ni film was loaded into a plasma etch- 
ing apparatus. The pressure of the plasma etching 



(Expenmental Example a) 

[0069] A silicon oxide film was formed over a silicon 
substrate having a size of 2 cm by 3 cm, to a thickness 
of 1500 A, and a Co-Ni alloy film was formed over the 
silicon oxide film to a thickness of 100 nm by thermal 
deposition. The substrate with the Co-Ni alloy film was 
immersed in an HE solution for 140 seconds for etching, 
and dried. Following this, the resultant substrate was 
loaded into a reaction furnace of a chemical CVD appa- 
ratus, and the pressure and temperature of the -eaction 
furnace were raised to 760 Terr and 950"C, respectively. 
Then, ammonia gas was supplied into the reaction fur- 
nace at a flow rats of 80 seem for 1 0 minutes to form iso- 
lated Co-Ni alloy particles. While keeping the 
temperature at 950"C, acetylene gas was supplied into 
the reaction furnace at a flow rate of 40 seem for 1 0 min- 
utes to grow carbon nanotubes from each of the Co-Ni 
alloy particles. SEM shows that carbon nanotubes are 
vertically and uniformly grown over the substrate. 
According to TFM, the obtained carbon nanotubes have 
a diameter of about 100 nm and a length of about 100 
jLim. 

[0070] In the synthesis method of carbon nano- 
tubes according to the present invention, high density 
catalytic metal particles can be formed isolated from 
each other, without agglomerating, and thus high purity 
carbon nanotubes can be vertically aligned over a sub- 
strate. Also, the isolated nano-sized catalytic mtetal par- 
ticles are obtained by uniform etching over a metal 
cataiyst layer, sc that carbon nanotubes can be evenly 
distnbuted over the large-sized substrate regardless of 
positions on the substrate. In addition the density, 
diameter and length of carbon nanotubes can be easily 
varied by adjusting the flow rate of etching gas and car- 
bon source gas. and the processing temperature and 
time The carbon nanotube synthesis metnod according 
Xo the present invention using a thermal CVD apparatus 
can be applied to batch type synthesis in which carbcn 
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;..os:'a!es. ^n^s. ver:;ca:iv an g re a caroo'. nanoiuoei 
.a-' ce syn:nef..jea over a larye-sizeo suostraie wi!r~ 
'^ a^^ pjrity ana '^'t:^ y^eicJ ^- LJ^t'^errinore. carbon nanc 
tjues can be eas ly purjfieci irvsitu witn v^e synit^esn^ 
;:^ocess ,vitr^ r^axirnum syndesis eff ciency. 
[0071] While tnis invention ^as beer partcularlv 
snown anc described w tn re*erence :c preterrea 
ernbodimenis :he'eof, i: wni be understooa by those 
sKiilea in the art that various cnanges in 'orm and details 
may be made thereto withojt deoarting from the spirit 
and s:;ope uf the invention as defined by the appendeo 
claims. 

Claims 



■so^ateu '^a^:C-s /ecj catai;! c -ta r^a^tic is be" 
formeo D\ a piasn^a eicrnn:: n-.etnoa m \A^n ch one 
yas seieciea from tn.e gro^b co^^s'Stmg c ammo^:a 
gas. nva''ogep cas anj nvor^c gas is ^.seo to cre- 
ate a plasr^^.a fc^ use in etc'^ifig 

8. A metrod as claimed n claim 1 therein forming tne 
isolated nano-sized catalytic meta particles is per- 
tormeo by a we: etching 7ietnod csing a hydrogen 
fluoride series etchant. 

9. A n etf od as claimed in claim 1 therein forming ttie 
isolated nano-sized catalytic meta particles is per- 
formeo by photolithography using a photoresist pa:- 
terr as ar etching mask. 



1. A method of synthesizing carbon nanotubos com 
p-ising: 

"orming a metal catalyst layer ever a substrate 
etching the metal catalyst layer to *orm isolateo 
nano-sized catalytic metal particles; and 
growing carbon narotubes from every isolstea 
nano-sized catalytc metal paricle by therma 
chemical vaoor deposition (CVDi in which a 
caroon source gas is supplied to a therma 
CVD apparatus to form carbon nanotubes ver- 
tically aligned over the substrate. 

2. A method as claimed in clam 1 wherein the meta. 
catalyst layer is formed of cobalt, nickel, iron or an 
alloy of the same. 

3. A method as claimed in claim 1 or 2 wherein form- 
ing the solated nano-s zed catalytic metal particles 
IS performed by a gas etching method in which one 
etching gas selected from the group consisting of 
ammonia gas, hydrogen gas and hydride gas is 
thermally decomposed for use in etching, 

4. A method as claimed in claim 3 wherein the etching 
gas IS ammonia and the gas etching method is per- 
formed at a temperature in the range 700 to 1 000°C 
while supplying the ammonia gas at a flow rate of 
80 to 400 seem for 1 0 to 30 minutes. 

5. A method as claimed in any preceding claim 
wherein forming the carbon nanotubes is per- 
formed at a temperature in the range 700 to 1 000' C 
white supplying the carbon source gas at a flow rate 
o' 20 to 200 seem for 10 to 60 minutes. 



10. A method as claimed n claim 1 wherein in "orming 
the carbon ranotuoes one gas selected from the 
group consisting cf ammonia gas, hydrogen gas 

.'f' and hydride gas is sjpplied to the thermal CVD 

apparatus along with the carbon source gas. 

11. A method as claimed in any preceding claim further 
comprising before forming the metal catalyst layer 
forming an insulating layer to prevent reaction 
between the substrate and the metal catalyst layer. 

12. A method as claimed in any preceding claim further 
comprising after forming the carbon nanotubes 

30 exhausting the carbon source gas using an inert 

gas from the thermal CVD apparatus. 

13. A method as claimed in claim 1 further comprising 
after forming the carbon nanotube purifying in-sitj 

35 the carbon nanotubes in the same thermal CVD 

apparatus. 

14. A method as claimed in claim 13 wherein purifying 
in-situ the carbon nanotubes is performed witfi a 

40 purification gas selected from tne group consisting 

of ammonia gas, hydrogen gas, oxygen gas and a 
mixture of these gases. 

15. A method as claimed in c^aim 14 further comprising 
45 after in-situ purifying the carbon nanotubes 

exhausting the purification gas using an inert gas 
from the tnermal CVD apoa, 



50 



6, A method as claimed in any preceding claim 
wherein form ng the catalytic metal particles ana 
forming the carbon nanotubes are in-situ performeo 55 
in the same thermal CVD apparatus. 

7. A method as claimed in claim 1 wherein form ngthe 
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